We present a technique for improving the pulse-delay performance of a stimulated Brillouin scattering (SBS) based broadband slow-light system by combining it with fiber Bragg gratings (FBG). We optimize the physical device parameters of three systems: (1) broadband SBS, (2) broadband SBS þ a single FBG, and (3) broadband SBS þ a double FBG for maximizing the delay performance. The optimization is performed under distortion and system resource constraints for a range of bit rates from 0.5 to 8:5 Gbps. We find that an optimized broadband SBS þ a double FBG system improves the fractional delay 1.8 times that of the broadband SBS system at an optimum bit rate of 3 Gbps. Also, pump power consumption is reduced by 15% as compared to the broadband SBS system at the same bit rate.
Introduction
In recent years, slow-light systems have attracted a great deal of attention because of their ability to precisely control the speed of light. These systems can be used to generate tunable delay, which is the key for enabling optical signal processing tasks, such as data synchronization, optical buffering, and optical switching. Slow light has been demonstrated in optical fibers using the stimulated Brillouin scattering (SBS) process [1] [2] [3] [4] [5] [6] . The inherent full width at half-maximum (FWHM) linewidth of Brillouin gain in optical fibers is ∼50 MHz and this narrow bandwidth limits the achievable data rate to several megabits per second. Recently, various broadband SBS media have been designed to accommodate GHz bandwidth signals using either a multiline pump or a broadband pump [7] [8] [9] [10] [11] [12] [13] . However, increasing the gain bandwidth results in reduced peak gain for fixed pump power. Because the delay of a SBS based slow-light system depends on the peak gain, this decrease in gain with increased bandwidth results in reduced delay. One simple way to maintain large delay at high bandwidth is to maintain large gain by increasing the pump power. However, realworld constraints on laser current, amplifier gain, and nonlinear effects limit the usable pump power and, thus, the achievable delay of broadband SBS systems.
It is widely known that passive resonators, such as Fabry-Perot filters, Bragg structures, and coupledring resonators can store energy. Thus, these passive devices can provide delay. The time for which these structures can store energy depends on the cavity parameters [14] [15] [16] [17] [18] [19] [20] . In addition, the bandwidth of these structural resonances depends on the cavity parameters so that the bandwidth and resonance frequency can be tuned. Note also that multiple resonator structures can produce a higher delay because the group delay is additive [17, 18] . However, these passive devices may suffer from a transmission 0003-6935/08/346404-12$15.00/0 © 2008 Optical Society of America (or reflection) coefficient less than unity at the resonance frequency, thus requiring amplification of the resulting output signal [15] [16] [17] . Combining broadband SBS gain-based slow-light systems with these passive devices, therefore, can compensate their respective disadvantages and, thus, increase delay performance without additional pump power.
In this paper, we present a study of improving the delay performance of a broadband SBS system by combining it with either a single FBG or a pair of cascaded FBGs. Jointly optimizing the system parameters for SBS and FBG under distortion and practical system resource constraints, we obtain the maximum delay as a function of bit rate. In Section 2, we model and numerically analyze individual candidate systems and define delay properties in terms of their amplitude and phase responses. Section 3 describes the optimization of system parameters under resource and distortion constraints. In Section 4, we present numerical results, including delay performance, optimum system parameters, and comparisons among delay results for the candidate systems. Section 5 concludes our study with a summary of the results.
Theory and System Modeling
A. Broadband SBS SBS occurs as a result of an interaction between a strong pump wave (ω p ) and a weak probe wave (ω s ) via an acoustic wave. This interaction gives rise to a gain resonance at the Stokes frequency (ω s ¼ ω p − Ω B ) and an absorption resonance at the antiStokes frequency (ω as ¼ ω p þ Ω B ), where Ω B is the Brillouin frequency shift. Under the small signal approximation, pulse propagation through a SBS medium can be described as Eðω; LÞ ¼ Eðω; 0Þ expðkðωÞLÞ, where Eðω; LÞ is the probe field at the output of the fiber, Eðω; 0Þ is the probe field at the input of the fiber, L is the length of the fiber, and kðωÞ is the complex wave vector. For a broadband SBS system, kðωÞ is obtained by convolving the pump power spectral density P p ðωÞ with the inherent Lorentzian gain spectrum e k 0 ðωÞ associated with the SBS process [9] [10] [11] [12] :
where
g 0 is the line-center gain coefficient, P 0 is the pump power at the gain center (ω ¼ ω s ), A is the mode area, and γ is the FWHM linewidth of the Lorentzian gain profile. The pump power spectral density for a Gaussian noise pump broadened (GNPB) medium is given by [9, 12] 
where Δω p is the bandwidth of the pump power spectrum. For a broadband pump (γ=Δω p ≪ 1), the resulting complex gain function kðωÞ can be approximated by [9] k g ðωÞ ¼
where ξ AE ¼ ðω AE Ω B − ω p Þ=Δω p and the complementary error function is defined by erf cðxÞ ¼ ð2=πÞ R ∞ x expð−t 2 Þdt. The expression in Eq. (4) only includes the effect of the gain line at the Stokes frequency and is, therefore, valid only for the condition Δω p ≪ Ω B . Note that, when Δω p ∼ Ω B , both gain and absorption lines begin to overlap. It is straightforward to also include the absorption line at the antiStokes frequency. The resulting expression for the combination of SBS gain and absorption features can be approximated by [9] k ga ðωÞ ¼
The first term in Eq. (5) represents the gain feature and the second term represents the absorption feature. The line-center gain of the broadband SBS system is given by gL
Figures 1(a)-1(c) show the real part of kðωÞ as the bandwidth Δω p of the pump spectrum is increased. In Figs. 1(a)-1(c), we plot the transmission spectrum of the gain-only medium (dotted curve) determined by Eq. (4) and the overall gain þ absorption spectrum (solid curve) determined by Eq. (5) for increasing values of Δω p =Ω B . From Fig. 1(a) , we note that, for Δω p =Ω B < 0:8, the absorption and gain resonances of the gain þ absorption medium do not overlap and, therefore, the gain þ absorption medium acts as a gain-only medium at the Stokes frequency ω s . As Δω p =Ω B increases, the absorption resonance at the anti-Stokes frequency begins to overlap with the gain resonance at the Stokes frequency, as shown in Fig. 1(b) . From Fig. 1(b) , we note that the gain-only spectrum is broader compared to the gain component of the overall gain þ absorption spectrum determined by Eq. (5). This happens because with increasing value of Δω p =Ω B absorption compensates the gain in the overlapping region, resulting in reduced effective gain bandwidth. Figure 1(c) shows the gainonly spectrum and the overall SBS spectrum for Δω p =Ω B ¼ 1:8. Note that the increased overlap of gain and absorption resonances reduces the gain height as well as the bandwidth of the gain component of the overall spectrum.
Figures 1(d)-1(f) plot the refractive index profile [i.e., imaginary part of kðωÞ] for increasing values of Δω p =Δ B . In Fig. 1(d) , the gain and absorption resonances do not overlap and, therefore, the phase spectrum of the gain-only medium near ω ¼ ω s matches the phase spectrum associated with the gain component of the overall spectrum. As Δω p =Ω B increases, the phase associated with the absorption resonance contributes to the overall phase at the Stokes frequency ω s , resulting in increased phase slope as shown in Figs. 1(e) and 1(f). Therefore, this overlap will result in some delay improvement at the cost of decreasing the gain bandwidth when Δω p =Ω B ≥ 0:8.
We chose a 3 km long optical fiber with Ω B =2π ¼ 9:6 GHz, g 0 ¼ 5 Ã 10 −11 m=W, γ=2π ¼ 50 MHz, and A ¼ 50 μm 2 . Throughout this paper, all the SBS delay results will include the effects of both the Stokes and the anti-Stokes spectra. Because both Brillouin gain and absorption effects are included, we will refer to this system as the GA system. Next, we describe a single uniform FBG and its delay response.
B. Single Uniform FBG
The response of a FBG can be analyzed using coupledmode theory, which describes the coupling between forward and backward propagating waves [21] [22] [23] . In our design study, we employ a transmission grating in which the coupling occurs between two modes traveling in the same direction. Note that the coupling for a reflection grating occurs from two counterpropagating modes. If the grating is uniform along the propagation direction, then the coupled mode equations can be solved to yield the field transmission coefficient:
where q ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Þ is the detuning parameter, λ B is the Bragg wavelength, Δn is the index modulation, and L g is the grating length. We have defined the Bragg frequency as ω B ¼ ω s þ δ FBG , where δ FBG is the frequency separation from the Stokes frequency ω s of the SBS process. The typical value of the index modulation Δn is 10 −3 -10 −5 and it can be modified by varying the UV exposure time of a photosensitive material.
The group delay of a FBG can be determined from the phase of the transmission coefficient described in Eq. (6). The group delay τðωÞ for the FBG is defined as the derivative of the phase transfer function ϕðωÞ and it can be written as [18, 21] τðωÞ ¼ dϕðωÞ dω
From Eq. (7), we note that the group delay of the FBG depends on the ratio between coupling coefficient κ and detuning parameter δ. The frequencydependent group velocity dispersion dðωÞ is defined as the rate of change of the group delay with frequency and is given by dðωÞ Figs. 2(a) and 2(b), we note that the signal transmission and group delay are symmetric about the Bragg frequency ω B (¼ω s þ δ FBG ) and they will exhibit a minimum when the pulse is propagated at the resonance frequency ω s . This happens because ω B ¼ ω s implies that a signal propagating through the FBG sees the center of the grating stop band (jδj < κ). However, outside the stop band (jδj > κ), pulse propagation is allowed and group delay is significantly increased, as shown in Figs. 2(a) and 2(b).
Figure 2(c) shows the normalized transmission and group delay spectra along with the spectrum of a pulse sequence when the resonance frequency (ω B ) of the FBG is detuned from ω s by δ FBG =Ω B ¼ 0:6. Note that large group delay outside the stop band will be restricted to a small spectral range Δδ around the peak of the first ripple in the transmission spectrum and the pulse carrier frequency must be nearly centered in this spectral region in order to achieve large delay, as shown in Fig. 2(c) . In other words, the center of the pulse spectrum must lie within the transmission peak on either side of the stop band. In addition, this narrow frequency range Δδ limits the operation frequency and, in turn, the maximum bit rate. This implies that, for higher signal bit rates, larger Δδ is required to prevent increasing distortion. Note also that, if the Bragg wavelength is far from ω s (i.e., ω B ≫ ω s or ω B ≪ ω s ), the grating does not affect pulse propagation. In this case, delay from the FBG is due simply to propagation through a length L g of fiber (τ ¼ nL g =c ¼ 129 ps), shown in Fig. 2(b) . Therefore, the Bragg wavelength must be detuned so that the first ripple of the grating transmission is aligned with the pulse carrier frequency. Next, we see the effect of combining a detuned FBG with broadband SBS.
C. System Composed of SBS and a Single Uniform FBG
We now model the combined broadband SBS and single FBG system (GAB1 system). The FBG is placed in series with the SBS system. Coupling between the two systems can be eliminated by inserting an optical isolator between them. Broadband SBS and FBG systems are characterized by their respective transfer functions T GA ðωÞ and T B1 ðωÞ, and the total transfer function of the combined system is given by
Based on the transfer function in Eq. (8), transmission and phase spectra for the SBS, frequency detuned FBG, and the combined GAB1 system are plotted in Figs. 3(a) and 3(b). Here, we choose gL ¼ 10, Δw p =Ω B ¼ 0:41, δ FBG =Ω B ¼ 0:5, and M ¼ 50; 000 for the GAB1 system. The resonance frequency ω B of the FBG is detuned so that the first sidelobe of the FBG is located near the pulse carrier frequency ω s . The overall normalized transmission for this combined system is more than 80%, as shown in Fig. 3(a) . Because the phase of multiple systems is additive, the phase slope of the combined system is larger than that of the individual systems, as shown in Fig. 3(b) . Therefore, we expect the combined system to have improved delay performance. To confirm this expectation, we propagate a super-Gaussian pulse through the SBS system and through the GAB1 system with the system parameters given above. A super-Gaussian pulse is defined using the field amplitude E sg ðtÞ ¼ expð−t α =σ α Þ, where σ ¼ T 0 =2 is the bit half-width at 1=e 2 intensity, T 0 is the bit period, and, for our study, we set α ¼ 4 [16] . Figure 4 shows the result of numerical simulations for the propagation of a pulse with T 0 ¼ 120 ps through these two delay systems. In our study, we compute the pulse delay, denoted by ΔT (i.e., distance between peaks of input and output pulses), by first subtracting nL=c and nL g =c from the total delay after propagating through SBS and FBG, respectively. We observed that pulse delays for the GA and GAB1 systems are 170 and 256 ps, respectively, as shown in Fig. 4 . Corresponding fractional pulse delays (ΔT=T 0 ) are 1.416 and 2.13 times the input pulse width. This result demonstrates that simply combining a FBG with a SBS system can achieve a 1.5 times larger delay than the SBS system alone.
D. Double Uniform FBGs
For a single FBG, we note from Fig. 2(b) that the maximum group delay occurs off resonance, near the first sidelobe in the FBG transmission spectrum.
Symmetry may be recovered by using a pair of detuned FBGs. Moiré gratings, a specific example of superstructure periodic Bragg gratings, have been proposed and experimentally demonstrated as potential slow-light devices [24] [25] [26] . Dispersion compensation using a grating pair has also been studied, both numerically and experimentally [24, 27] . Therefore, cascaded FBGs can be used both as a slow-light medium and as a dispersion compensator by proper selection of FBG parameters. We assume that individual FBGs in the grating pair have identical transmission spectra with different Bragg wavelengths and that they are placed in series. Coupling between the two gratings can be prevented by inserting an optical isolator. The total transfer function for this combined grating pair is given by
As an example, we consider two uniform FBGs with δ FBG =Ω B ¼ 0:6, Δn ¼ 10 −4 , and M ¼ 50; 000. Figures 5(a) and 5(c) show the transmission spectra for individual gratings (FBG1 and FBG2) and the cascaded grating pair (B2 system), respectively. The corresponding phase spectra for the individual gratings and the grating pair are shown in Fig. 5(b) . Note that the on-resonance phase slope for the B2 system is larger than the phase slope for the individual gratings. Therefore, we expect a grating pair to exhibit more delay. Figure 5(d) shows nearly 2× larger onresonance group delay for the B2 system as compared to the group delay for the B1 system shown in Fig. 2(b) . The largest group delay for a grating pair occurs when the Bragg frequency separation between them, Δω ¼ jω B2 À ω B1 j ¼ 2δ FBG , is approximately equal to the Δω FBG , which is the FWHM transmission for the single FBG.
E. System Composed of SBS and Double Uniform FBGs
Here we describe a system comprising broadband SBS and two FBGs (GAB2 system). The total transmission for this system can be described by the product of T GA ðωÞ and T B2 ðωÞ as
Figures 6(a) and 6(b) show the normalized transmission and phase spectra, respectively, for the individual (GA and B2) and composite systems. The central region of Figs. 6 is expanded from Figs. 5 to clearly show the region near resonance. Here, gL ¼ 10 and Δω p =Ω B ¼ 0:41 are used for the GA system while the B2 system is the same as described in Subsection 2.D. In Fig. 7 we show the pulse-delay results for propagation of a super-Gaussian pulse (T 0 ¼ 120 ps) in a GAB2 system and compare it with the GA and GAB1 systems previously shown in Fig. 4 . These data illustrate that a pulse delay of 375 ps is achieved for the GAB2 system, representing 2:2× delay improvement compared to the GA system.
System Constraints and Optimization

A. System Constraints
To optimize the delay performance of the various slow-light systems described in Section 2, we must first consider constraints on system resources and distortion. For the SBS portion, we consider constraints on the maximum gain exponent and total pump power. The constraint on gL arises to avoid pump depletion and other nonlinear effects [5, 6] . We use a conservative value of 10 as the maximum allowable gain exponent gL [16] , defined by
The total pump power constraint arises due to limitations on laser current, total device power consumption, and erbium-doped fiber amplifier gain limitations [12] . The total pump power, P tot , for the SBS system is given by
We consider designs based on two different pump power constraints: (1) P tot ≤ 600 mW and (2) P tot ≤ 1200 mW. Constraints on FBG devices must ensure physically realizable values of Δn and M. In our study, we fix the value of Δn ¼ 10 −4 and choose an upper bound of M ≤ 50; 000; ð14Þ resulting in a grating length L g ≤ 2:5 cm. This yields a constraint on a coupling-length product κL g ≤ 3:45. Note that stronger gratings (i.e., larger κL g ) can generate larger group delay; however, it comes at the expense of increased distortion. We also note that the sidelobe width Δδ shown in Fig. 2 (c) will be broader as κL g (i.e., M under fixed Δn) is smaller (or vice versa).
Finally, we consider the data fidelity constraint to ensure reliable communication. The data distortion can be quantified by using the eye-opening metric. We define the distortion constraint [6, 16] 
where EO is the maximum eye opening. As pulses propagate through a slow-light medium, EO reduces due to increased intersymbol interference (ISI) and, thus, D increases. The distortion D can be related to the data fidelity by considering the relationship between EO and bit error rate (BER). For threshold detection and detector-limited noise, the relationship between BER and EO can be expressed as
where σ 1 and σ 0 are standard deviations of "ones" and "zeros" distributions, respectively. Thus, the BER depends on the value of EO and there is a monotonic relationship between BER and D. For the following results, a detector-noise-limited signal-tonoise ratio (SNR) of 35 dB is considered. Given this SNR, we chose a distortion constraint of D ≤ 0:35 to keep the ISI small and maintain an output BER of less than 10 −12 [6, 28] . The specific values decided here for system constraints have been chosen because they represent reasonable physical choices.
B. Optimization
Optimization is performed in order to maximize the optical delay by designing the optimal transmission shape across the input signal bandwidth. We optimize the parameters of three candidate systems: (1) SBS gain þ absorption (GA), (2) GA þ 1FBG (GAB1), and (3) GA þ 2FBGs (GAB2) in order to maximize the delay under system resource and distortion constraints. The optimization is performed by propagating a 127 bit random super-Gaussian pulse train with return-to-zero (RZ) modulation through our candidate systems for a range of bit rates (B r ) from 0.5 to 8:5 Gbps. We use a RZ modulation format, which has a pulse period of T p ¼ T 0 =2. For the GA system, we optimized gL and Δω p under the constraints described above. For the GAB1 and GAB2 systems, gL, Δω p , M, and δ FBG are optimized to achieve maximum delay. Figures 8(a) and 8(b) show the transmission and phase spectra, respectively, for an example of an optimized GAB2 system at B r ¼ 3 Gbps. Optimum parameters obtained for this example are gL ¼ 10, Δω p =Ω B ¼ 0:425, M ¼ 50; 000, and δ FBG =Ω B ¼ 0:725. We note that the 3 dB bandwidth of the overall GAB2 system is broader and the top of the transmission profile is more uniform compared to the GA system, thereby improving delay performance while reducing pulse distortion. We now compare the eye diagrams obtained from these optimized results for the GA, GAB1, and GAB2 systems at B r ¼ 3 Gbps, as shown in Fig. 9 . All the eye diagrams are normalized so that the maximum eye opening varies from 0 to 1. For the same distortion constraint ( D ≤ 0:35), we see that the maximum fractional delay (ΔT=T p ) values of 0.88, 1.31, and 1.55 are achieved for the GA, GAB1, and GAB2 systems, respectively. The general shapes of the eye diagrams can be different because the effects of group velocity dispersion (GVD) on the pulse propagation in each of the three systems are different (i.e., the largest GVD occurs for the GAB2 system). Note also that the total pump power for each of these is 451, 370, and 383 mW, respectively. The results show that larger delay can be obtained with less pump power by combining SBS and FBGs.
Maximum Delay and Optimum System Parameters
A. System Composed of Broadband SBS and a Single Uniform FBG
Thus far, we have discussed the designs and comparisons among delay systems at a fixed bit rate. Such a point-design study is useful for understanding the delay improvement of composite systems relative to the individual component systems. Here, we perform numerical simulations to optimize the delay performance of our candidate systems over a range of bit rates from 0.5 to 8:5 Gbps. Figure 10 shows the optimal fractional pulse delay (ΔT=T p ) as a function of B r for GA and GAB1 systems with two differ- Fig. 9 . (Color online) Output eye diagrams for an input data stream after propagation through (a) the GA system, (b) the GAB1 system, and (c) the GAB2 system at B r ¼ 3 Gbps. Dotted lines represent the location of the maximum input and output eye openings. Double-sided arrow represents delay (ΔT). (1) GA system with P ≤ 600 mW, (2) GA system with P ≤ 1200 mW, (3) GAB1 system with P ≤ 600 mW, (4) GAB1 system with P ≤ 1200 mW.
ent pump power constraints. The corresponding optimal parameters are shown in Figs. 11(a)-11(f) . First, we consider the GA systems, GA p6 and GA p12 , with 600 and 1200 mW pump power constraints, respectively. The fractional delay versus B r plots in Fig. 10 can be divided into four regions: (1) B r ≤ 4 Gbps, (2) 4 < B r ≤ 5 Gbps, (3) 5 < B r ≤ 7:5 Gbps, and (4) B r > 7:5 Gbps. As shown in Fig. 10 , a constant delay for these systems is maintained for B r ≤ 4 Gbps. At B r ¼ 4 Gbps, the corresponding pump power consumption for each is around 600 mW and, therefore, the GA p6 system reaches its pump power limit, as shown in Fig. 11(c) . In this region of B r ≤ 4 Gbps, the values of gain remain constant and the bandwidth of the pump spectrum Δω p increases as B r increases in order to maximize the fractional delay under the distortion limit, as shown in Figs. 11(a) , 11(b), and 11(d). Figure 11 (c) illustrates that the total required pump power has a monotonic dependence on B r in this region. Therefore, gL and Δω p must be chosen effectively under the limited pump power condition. For B r > 4 Gbps, the maximum pump power constraint for the GA p6 system is reached and any further increase in bandwidth Δω p (i.e., for managing the distortion) requires a decrease in peak gain, as shown in Figs. 11(a) and 11(b) . Consequently, this gain reduction results in decreasing delay for B r > 4 Gbps.
It is interesting to note that, in the third region between 5 and 7:5 Gbps, the fractional delay for the GA p12 system starts increasing even with gain clamped at gL ¼ 10. This happens because the corresponding optimal Δω p =Ω B is larger than 0.88 and, thus, the Stokes and anti-Stokes profiles overlap. As a consequence of this overlapping, the delay arising from the wings of the anti-Stokes resonance enhances the delay at the center of the Stokes resonance. This anti-Stokes delay enhancement can also be seen in other candidate systems with the 1200 mW pump power constraint when Δω p =Ω B is larger than 0.8.
The fractional delay for the GAB1 systems (GAB1 p6 and GAB1 p12 ) also exhibits four distinct regions:
(1) B r ≤ 3 Gbps, (2) 3 < B r ≤ 5 Gbps, (3) 5 < B r ≤ 6 Gbps, and (4) B r > 6 Gbps as shown in Fig. 10 . First, the increased delay up to B r of 3 Gbps is a result of maintaining the maximum values of both gL and M, at the expense of reducing the value of δ FBG as B r increases. This δ FBG reduction causes the shift of Bragg frequency from ω s so that the shifted peak of the sidelobe effectively reduces pulse distortion under the distortion limit (D ≤ 0:35). In the second region, M also needs to be reduced to increase the sidelobe width Δδ of the FBG and preserve acceptable distortion, since Δδ is inversely proportional to the coupling-length product κL g . Note that the effect of distortion can be compensated by the decreased M associated with smaller κL g . As a result, the delay for the GAB1 system starts going down in this region because of the delay-sidelobe width (Δδ) tradeoff.
The maximum pump power limit for the GAB1 P6 system is reached in the third region, resulting in reduced gain in order to use limited pump power to increase Δω p . Thus, we can see a reduction in the fractional delay with increasing B r , as shown in Fig. 10 . In the final region, the rate at which delay decreases slows down for the GAB1 P6 system and the delay for the GAB1 P12 system increases because of the anti-Stokes delay enhancement arising from large Δω p .
For a given bit rate, the GAB1 system shows much better delay performance than the GA system. Also note that the GAB1 system requires less pump power compared to the GA system. We observe that a 1.48 times delay improvement for the GAB1 system is achieved with 18% less pump power at the optimal B r of 3 Gbps.
B. System Composed of Broadband SBS and a Double Uniform FBG
We present the results of the numerical simulation for delay performance in a GAB2-system and compare it with a GAB1-system, as shown in Fig. 12 . From this figure, we observe similar delay trends for both systems with larger delay values achieved for the GAB2-system at all bit rates. The corresponding optimal system parameters and constraints are shown in Figs. 13(a)-13(f) . We also observe that these optimal parameters for the GAB2 system show similar behavior to those for the GAB1 system discussed above.
One interesting aspect of the GAB2 system is that δ FBG =Ω B is the most important parameter to characterize the overall shape of the transmission spectrum, as shown in Fig. 13(e) . In contrast with the behavior of δ FBG =Ω B for the GAB1 system, this parameter for the GAB2 system is increased to achieve an optimum transmission shape (i.e., flatter top with broader bandwidth) as B r increases. Note that at higher bit rates, broader bandwidth can yield large group delay and flatter-top transmission reduces distortion. It is observed from Fig. 12 that the maximum fractional delay of 1.55 for the GAB2 system is achieved at the optimal B r of 3 Gbps and this value of delay is 1.2 and 1.8 times the maximum fractional delay of the GAB1 and GA systems, respectively. Fig. 12. (Color online) Maximum fractional pulse delay versus bit rates for the GAB1 and GAB2 systems with two different pump power constraints. (1) GAB1 system with P ≤ 600 mW, (2) GAB1 system with P ≤ 1200 mW, (3) GAB2 system with P ≤ 600 mW, (4) GAB2 system with P ≤ 1200 mW. Finally, we summarize the maximum fractional delay and required total pump power for five candidate systems, B1, B2, GA, GAB1, and GAB2, at the optimal bit rate B r of 3 Gbps in Table 1 . We note that the maximum delay results for the B1 and B2 systems are also measured via EO subject to real-world operating constraints. These data indicate that the combined systems (GAB1 and GAB2) significantly improve the delay performance with less SBS pump power consumption.
Conclusion
We have demonstrated a method for enhancing the slow-light delay performance by combining broadband SBS and FBGs. This combination can take advantage of both slow light in optical fibers and optical passive devices to generate tunable delay with less power consumption. By optimizing system parameters of candidate systems, we have found the maximum fractional delay for bit rates from 0.5 to 8:5 Gbps. We also show that overlapping absorption and gain resonance leads to an anti-Stokes delay enhancement when Δω p is comparable to Ω B . Our candidate systems suggest the possibility of combining several different slow-light delay systems together. Potentially, the combination of a super-Gaussian pump broadened SBS [12, 13] and a pair of cascaded FBGs is capable of minimizing the signal distortion as well as achieving larger pulse delay compared to the one presented here. Finally, we have summarized that the maximum fractional delay for the GAB2 system is 1.55 and this value is 1.8 times larger than the maximum delay for the GA system. 
